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Chromatin remodeling has been newly established as an important cancer genome characterization and
recent exome and whole-genome sequencing studies of hepatocellular carcinoma (HCC) showed that
recurrent inactivating mutations in SWI/SNF subunits involved in the molecular basis of
hepatocarcinogenesis. To test the hypothesis that genetic variants in the key subunits of SWI/SNF
complexes may contribute to HCC susceptibility, we systematically assessed associations of genetic variants
in SWI/SNF complexes with HCC risk using a two-staged case-control study in Chinese population. A set of
24 single nucleotide polymorphisms (SNPs) in SWI/SNF complexes were examined in stage 1 with 502 HCC
patients and 487 controls and three promising SNPs (SMARCA4 rs11879293, rs2072382 and SMARCBI1
rs2267032) were further genotyped in stage 2 comprising 501 cases and 545 controls for validation.
SMARCAA4 rs11879293 presented consistently significant associations with the risk of HCC at both stages,
with an OR of 0.73 (95% CI: 0.62-0.87) using additive model in combined analysis. Moreover, the decreased
risk of HCC associated with SMARCA4 rs11879293 AG/AA was more evident among HBsAg positive
individuals (OR = 0.47, 95% CI: 0.27-0.80) in combined analysis. The study highlighted the potential role of
the SWI/SNF complexes in conferring susceptibility to HCC, especially modified HCC risk by HBV
infection.

epatocellular carcinoma (HCC), one of the most common cancers worldwide, ranked the third leading
cause of cancer-related death and the second most lethal cancer only after pancreatic ductal adenocarci-
noma’? Most HCC cases occur in East and Southeast Asia and in sub-Saharan Africa, however, China
alone accounts for 55% of newly diagnosed case (approximately 400,000 cases) in the world". The biological
mechanism of hepatocarcinogenesis was driven by diverse aetiologies involving in both host genetic and envir-
onmental factors. Established environmental risk factors associated with HCC include chronic hepatitis B (HBV)
and hepatitis C (HCV) viral infections, chronic alcohol consumption and aflatoxin-B1-contaminated food*.
Among these, HBV infection has been considered as the major etiology of HCC and significantly associated
with both HCC incidence and mortality, especially in China®. When only a fraction of exposed individuals
eventually develop to HCC during their lifetimes and the clustering of HCC within families exists, genetic
component can be apparently introduced to explain the observed variants in individuals’ genetic susceptibility
to HCC.
The mechanisms underlying the genetic susceptibility to HCC have been extensively investigated and the
recent explosions of genetic association studies including previous candidate gene and subsequent genome-wide
association (GWA) approaches have rapidly advanced our understanding of the genetic basis of HCC. However,
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it was already obvious that the currently identified gene variants with
poorly understood functions were estimated to account for only a
portion of the heritability of HCC and hampered to fully elucidate
the genetic architecture of HCC. SWI/SNF (mating type switch/suc-
rose non-fermenting) complexes, which are capable of regulating
gene transcription through ATP-dependent nucleosome remodeling
have been extensively investigated to play a widespread role in tumor
suppression®. SWI/SNF complexes consisted of at least 14 subunits
encoded by 28 genes, of which, frequent inactivating mutations in
SWI/SNF subunits including ARIDIA, BRD7, PBRM1, SMARCA4,
and SNF5 were repeatedly identified in a variety of cancers®. Notably,
overwhelming evidence from exome and whole-genome sequencing
studies of HCC has also drawn attention to the contribution of so-
matic mutation in SWI/SNF chromatin remodelling complexes to
the carcinogenesis of HCC’"'°. Meanwhile, the similar genetic char-
acteristics of SWI/SNF complexes have also been observed in other
cancers including renal carcinoma, pancreatic cancer, and gastric
cancer by exome and whole-genome sequence data''"'"*. Intrigu-
ingly, a new study employing proteomic and bioinformatic analysis
has further established the substantial role of SWI/SNF complexes in
human malignancy and indicated that specific subunits of SWI/SNF
complexes protect against cancer in specific tissues'. The core sub-
unit SNF5 which was inactivated in nearly all malignant rhabdoid
tumors possessed the tumour suppressor properties being elucidated
by genetically engineered mouse models'. In addition, the ARIDIA
subunit was repeatedly observed to be specifically mutated in various
human cancers and involved in repression of key cell cycle regula-
tors'®". Furthermore, previous studies indicated that the catalytic
subunit SMARCA4 (BRG1) was frequently inactivated in a variety
of cell lines and primary tumors'®. Clear evidence has indicated that
reduced expression or haploinsufficiency of SMARCA4 played a
potential role in driving cancer formation'.

Given the amounting biological evidence and new important
observations by exome and whole-genome sequence studies, an
alternative hypothesis was motivated that multiple common genetic
variants in subunits of SWI/SNF complexes may modulate express-
ion levels and/or protein structures and eventually contribute to
HCC susceptibility. Hereby a two-stage case-control study with a
total of 1003 cases and 1032 controls has been carried out to com-
prehensively examine single nucleotide polymorphisms (SNPs) of
six candidate genes in SWI/SNF complexes associated with risk of
HCC in a Chinese population.

Results

Subject characteristics. Table 1 summarized the baseline charac-
teristics of participants included in the two-stage study. In both
stages, the cases and controls were well matched on the distribu-
tion of sex and age. Significant difference in smoking status was
observed in both stages, with ORs equal to 1.89 (95% CI: 1.42—
2.53), 1.38 (95% CI: 1.06-1.81), and 1.59 (95% CI: 1.31-1.93) for
smokers in stage 1, stage 2, and the combined analyses, respec-
tively. Besides, the borderline significance of drinking status was
found to be associated with the risk of HCC in both stages, with
OR equal to 1.28 (95% CI: 1.06-1.56) in the combined analyses. As
expected, HBV infection was considered as an important risk factors
for HCC, with higher prevalence rate of HBsAg among cases (67.9%)
than that among controls (6.2%) in the combined analyses.

Association between individual SNP and HCC risk. The detailed
information for 27 tagSNPs included in stage 1 has been shown in
Supplementary table 1. Three SNPs, including rs34502618 (ARID-
IA) and rs3786725 (SMARCA4) significantly deviated from the
HWE in controls (FDR-P < 0.05) and rs12685 (ARIDIA) had a
MAF < 0.05, were excluded to analyze further. All the selected
SNPs have no significantly different missing data rates between
cases and controls (P > 0.001). In the single-loci analysis, only two

SNPs, including SMARCA4 rs11879293 and rs2072382, were signi-
ficantly associated with HCC risk (the P values for the Cochran-
Armitage trend test = 0.001 and 0.024, respectively). Besides,
SMARCBI 152267032 showed a borderline association with the
risk of HCC (Pyena = 0.059). However, after correction for
multiple comparisons (24 single tests) by FDR, only rs11879293
showed a significant association with HCC risk (FDR-Pyeng =
0.024) (Supplementary table 2). Additionally, the associations
between all the candidate SNPs and risk of HCC calculated by
logistic regression analysis after adjusting for age, sex, smoking
status, drinking status and HBsAg have been presented in Supple-
mentary table 3. Individuals carrying SMARCA4 rs11879293 AG or
AA genotype had an OR of 0.66 (95% CI: 0.51-0.86) compared with
individuals with GG genotype, and the rs11879293 A allele was
associated with significantly decreased risk of HCC under an
additive model (OR = 0.72, 95% CI: 0.59-0.87). For SMARCA4
rs2072382 SNP, the variant rs2072382 CT or TT genotype was
significantly associated with an increased risk of HCC under a
dominant model (OR = 1.33, 95% CI: 1.03-1.73) compared with
the wild-type rs2072382 CC.

Considering the false negative possibility, the most promising
SNPs SMARCA4 rs11879293 with significant association after FDR
correction, SMARCA4 rs2072382 and SMARCBI rs2267032 with
significant or borderline association before FDR correction were all
chosen for the stage 2 validation. The genotype call rates for
SMARCA4 rs11879293, rs2072382, and SMARCBI rs2267032 in
stage 2 were 98.7%, 99.1%, and 99.4%, respectively. The genotypes
distribution of the three SNP in controls conformed to HWE (P >
0.01). In agreement with the stage 1, rs11879293 exhibited a signifi-
cantly decreased risk of HCC in stage 2. In the combined analysis,
rs11874392 was also significant associated with HCC risk, with an
OR of 0.73 (95% CI: 0.62-0.87) under an additive model (Table 2).
For SMARCA4 rs2072382 and SMARCBI rs2267032, no signiﬁcant
association were observed in stage 2 (Supplementary table 4).

Stratified analyses of association between SMARCA4 rs11879293
and risk of HCC. The risk of HCC associated with SMARCA4
rs11879293 was further examined stratified by age, sex, smoking,
drinking and HBV infection in combined analysis (Table 3). We
observed that the decreased risk of HCC associated with rs11879293
AG/AA genotypes was more evident for males (OR = 0.74, 95% CI:
0.58-0.95), but with borderline significance for females (OR = 0.63,
95% CI: 0.39-1.00). Similarly, more evident associations were also
found among the group aged 60 years or younger, nondrinkers, and
especially HBsAg positive individuals. Among HBsAg positive sub-
group, an enhanced evidence of the association between SMARCA4
rs11879293 and HCC risk was observed, with OR of 0.47 (95%CI:
0.27-0.80), however, no significant association was shown among
HBsAg negative subgroup, with OR of 0.81 (95%CI: 0.62-1.07).
Stratified by smoking status, the risk of HCC associated with
SMARCA4 rs11879293 exhibited no significant difference between
nonsmokers and smokers subgroups. Meanwhile, no significant
heterogeneity was found between all the sub-groups (P > 0.05).

Bioinformatics-based approaches. To further refine significant asso-
ciation signals and fine-mapping the causal variant, bioinformatics-
based approaches were employed to assess the functional information
of genetic variants which are shown in Supplementary table 5.
Firstly, 12 SNPs which showed strong linkage disequilibrium (LD)
with rs11879293 (r* > 0.8) were found within the promising LD
block by utilizing the genotyping data from 1000 Genome Project
data (http://browser.1000genomes.org/Homo_sapiens/Info/Index)
using 1000GENOMES: phase_1_CHS among Southern Han
Chinese. Besides, three integrated bioinformatics tools, ‘F-SNP’%°,
‘FASTSNP*' and ‘SNPinfo** were applied to predict the potential
function of the above 12 SNPs and rs11879293. The FASTSNP has
found four possibly functional variants with risk score by using the
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Table 2 | Genotypes of SMARCA4 1511879293 and the association with risk of HCC in both stages

Stage 1 Stage 2 Combined
Variables Cases/controls OR (95% Cl)* Cases/controls OR (95% Cl)* Cases/controls OR (95% Cl)*
SMARCA4 511879293
GG 263/209 Reference 251/251 Reference 514/460 Reference
AG 191/202 0.72 (0.54-0.95) 205/226 0.92(0.70-1.21) 396/428 0.80 (0.63-1.00)
AA 48/70 0.51(0.33-0.78) 32/67 0.50(0.31-0.82) 80/137 0.49 (0.33-0.72)
AG+AA 239/272 0.66 (0.51-0.8¢) 237/293 0.83 (0.64-1.08) 476/565 0.72 (0.58-0.90)
Additive model 0.72(0.59-0.87) 0.79 (0.64-0.96) 0.73 (0.62-0.87)

‘ORs and 95% Cls were calculated by unconditional logistic regression after adjusting for sex, age, smoking, drinking and HBsAg.

decision tree. Among these, rs11879293 and rs4804556 act as
intronic enhancer with risk score 1-2 which may alter the
transcription factor binding site (TFBS) in intronic region and
signify the risk rank of low to medium, and rs1019935 and
rs11880865 located in promoter/regulatory region with risk score
1-3 which may affect the level, location or timing of gene
expression and signify the risk rank of low to medium. The result
of SNPinfo has indicated that nine SNPs may be classified as
affecting TFBS activity with the difference in the matrix similarity
scores (MSS) or core similarity TFBS scores (CSS) between the two
alleles = 0.2. Meanwhile, seven SNPs which may influence
transcriptional_regulation have been observed by F-SNP database
analysis and the detailed FS scores for each SNP have also been
shown in the table. In addition, the eQTL database (http://www.
hsph.harvard.edu/liming-liang/software/eqtl/) was searched to look
into the potential functional SNPs which may influence expression
levels of the corresponding genes. We found that 11 SNPs were
cisSNPs within 1 Mb which showed associations with one heritable
expression trait (Probe: GI_21071055-S) with lod score>6.

Discussion

In this study, we conducted two-stage case-control study to explore
the association of genetic variants in SWI/SNF complexes with risk
of HCC in Chinese population. The study demonstrated that
SMARCA4 rs11879293 was convincingly replicated to influence
the risk of HCC across both stages of the study. In addition, this
study highlights the potential role of genetic variant in SWI/SNF
complexes modulated by HBV infection in carcinogenesis of HCC.

With the new discoveries from human cancer genome project
emerging, chromatin remodeling has been established as an import-
ant characterization of cancer genomes and SWI/SNF complexes is
the major mutational target affecting chromatin remodeling®.
Previous exome and whole-genome sequencing studies have iden-
tified chromatin remodeling complex as important determinants of
HCC based on somatic mutations, but not on germline variants.
Therefore, it is not unexpected that there are no impressive associa-
tions between genetic variants in SWI/SNF complexes and risk of
HCC in the present study. SWI/SNF complexes modulate transcrip-
tion by using the energy of ATP to remodel chromatin structure,
which is the most studied effect of SWI/SNF activity but not the only
mechanism contributing to carcinogenesis. Importantly, increasing
evidence have indicated that SWI/SNF complexes directly interact
with numerous important proteins to modulate the formation of
cancer”. Besides, SWI/SNF complexes not only play an essential role
in the activation of transcription but also involved in transcriptional
repression’. Furthermore, SWI/SNF complexes have emerged as
tumor suppressors as specific inactivating mutations in subunits of
the complex have recently been identified in a various cancers.

In this study, it was observed that SMARCA4 rs11879293 was
significantly associated with a decreased risk of HCC even by mul-
tiple comparison correction and successfully validated in stage 2 and
combined analysis. SMARCA4 is located in chromosomal region of
19p13.2, and its protein is the central catalytic component of the
SWI/SNF complexes and is composed of multiple domains including
an evolutionarily conserved catalytic ATPase domain, a conserved
C-terminal bromodomain, AT-hook motif and the less characterized

Table 3 | Risk of HCC associated with SMARCA4 rs11879293 genotypes stratified by Age, Sex, Smoking, Drinking status and HBV
infection in combined analysis
SMARCA4rs11879293

GG AG + AA
Variables Cases/controls Cases/controls OR (95% Cl)* P Pheterogeneity
Sex
Males 413/353 386/444 0.74(0.58-0.95) 0.019 0.790
Females 101/107 90/121 0.63(0.39-1.00) 0.051
Age
=60y 370/341 322/39%96 0.67(0.50-0.91) 0.011 0.980
>60y 144/119 154/169 0.73(0.52-1.03) 0.076
Smoking status
Nonsmokers 268/296 228/353 0.74(0.56-0.99) 0.042 0.564
Smokers 222/163 227/210 0.68(0.47-0.97) 0.033
Drinking status
Nondrinkers 302/311 267/354 0.72(0.55-0.95) 0.019 0.599
Drinkers 187/142 188/203 0.67(0.44-1.00) 0.052
HBsAg
Negative 145/429 140/507 0.81(0.62-1.07) 0.142 0.093
Positive 352/22 321/41 0.47(0.27-0.80) 0.006
*ORs and 95% Cls were calculated by unconditional logistic regression after adjusting for sex, age, smoking, drinking and HBsAg, where it was appropriate.
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N-terminal region which all play important roles in the recognition
of modified histone proteins, DNA binding, or recruitment of SW1/
SNF?7?*, SMARCA4 has been established to interact with a diverse
group of nuclear proteins involved in various cellular processes
including transcriptional regulation, cell cycle control, proliferation,
DNA repair and recombination®. It is worth to note that with fre-
quently inactivating mutations in a variety of tumor cell lines'®,
SMARCAA4 has been proposed to be a tumor suppressor via diverse
biological mechanisms. Firstly, reintroduction of SMARCA4 into
SMARCAA4-deficient tumor cells resulted in Rb-dependent cell cycle
arrest and a flattened morphology, suggesting SMARCA4 may func-
tion as a tumor suppressor>>*'. Besides, SMARCA4 heterozygotes are
predisposed to differentiated epithelial tumors, which supports that
SMARCAA4 plays an important role in the regulation of cellular pro-
liferation®?. In addition, SMARCA4 has shown to involve in tumor
suppression by physical interaction with other tumor suppressors
including pRb, p53, and c-Myc*****. Meanwhile, SMARCA4 has also
been found under expressed in human hepatocellular carcinoma by
searching gene expression atlas (http://www.ebi.ac.uk/gxa/qrs)*. In
the study, SMARCA4 rs11879293 A allele presented a significantly
decreased risk of HCC compared with rs11879293 G allele in both
the detection and validation stages. By now, no association study on
rs11874392 with HCC risk has been conducted and the variant
rs11874392 has unknown biologically functional consequences.
The variant rs11874392 is located in the intron between exon 1
and exon 2 of SMARCA4. The region which exon 1 and exon 2
was located in is necessary for SMARCA4 interaction with SS18L1/
CREST. SS18L1 has been considered as a putative SWI/SNF subunit,
and suggested it might play a role in driving hepatocarcinogenesis by
remodeling chromatin structure”. To further refine significant asso-
ciation signals and fine-mapping the causal variant, bioinformatics-
based approaches were employed to assess the statistical association
between SMARCA4 rs11879293 and risk of HCC. Based on the
results of multiple integrated bioinformatics tools and eQTL data-
base, it can be concluded that rs11879293 may act as an intronic
enhancer to alter Pol2-binding site or be tagging functional variants
in promoter/regulatory region that influence gene expression to con-
fer susceptibility to HCC. However, independent replication studies
with a larger sample size are warranted to verify the significant asso-
ciation and the underlying molecular mechanisms for the effect of
SMARCA4 1511879293 on the risk of HCC remained to be fully
dissected in the follow-up studies.

In the present study, the risk of HCC associated with SMARCA4
rs11879293 is more pronounced in males, younger individuals
(=60 y), and nondrinkers. Remarkably, the most interesting finding
was that a greatly differentiated risk was observed between
SMARCA4 rs11879293 and HCC risk by HBV infection status.
HBYV infection is a firmly established risk factor and may modify
the risk of HCC associated with SMARCA4 rs11879293. So far, no
association study and biological function evidence has been observed
for the relationship between SMARCA4 and HBV infection by
searching published literature. Fortunately, it has been reported that
another core SWI/SNF subunit SMARCEI] played an important role
in modulating the replication efficiency of HBV*. It can be specu-
lated that SMARCA4 may have the similar DNA binding character-
istics with SMARCE1 and modify HBV replication. Meanwhile,
SMARCE], as a SMARCA4-associated factor, may physically inter-
act with SMARCAA4 to involve in diverse biological activities. There is
also the possibility that SMARCA4 presented the statistical asso-
ciation with risk of HCC modified by HBV infection status only
via the biological relationship with SMARCEI. Taken together, the
statistical association between SMARCA4 and risk of HCC greatly
modified by HBV infection should be validated in larger sample size
association studies and the speculations may need to be identified by
using DNA-protein blot binding approach and other biochemical
experiments.

In summary, our study highlighted the potential role of the SW1/
SNF complexes in conferring susceptibility to HCC, especially modi-
fied HCC risk by relationship with HBV infection. Moreover, our
study advances our understanding of the genetic etiology of HCC,
raising the prospect of emerging insights into personalized strategies
to prevent HCC. However, there are some limitations to this study.
The ORs of HCC risk for genetic polymorphisms with smaller minor
allele frequencies were too weak to detect because of the sample size
at the detection stage and replication studies with larger sample sizes
are warranted to verify our results. Besides, the individuals in the
hospital based case-control study could not prime represent the
whole population. In addition, although bioinformatics-based
approaches were employed to assess the statistical associations
between genetic variants in SMARCA4 and risk of HCC, biology
functional analyses are still warranted to dissect the molecular mech-
anism underlying the significant association.

Methods

Subjects. The two-stage study design with a total of 1003 newly diagnosed HCC cases
and 1032 controls was applied to comprehensively examine genetic polymorphisms
in the SWI/SNF chromatin remodelling complexes contribution to HCC risk. In both
stages, all participants were unrelated Han Chinese. The stage 1 study consisted of 502
HCC cases and 487 cancer-free controls. Patients were consecutively recruited
between January 1, 2009 and June 30, 2012 at Tongji Hospital of Huazhong
University of Science and Technology (HUST), Wuhan, central China. Cancer-free
controls which were randomly selected from a healthy screening at the same hospital
during the same time were matched according to the frequency of cases in 5-year age
groups and sex, part of which were also involved in our previous epidemiological
studies*>*°. The stage 2 study included 501 cases and 545 cancer-free controls.
Patients were recruited between January 1, 2009 and June 30, 2012 at the Peking
Union Medical College Hospital, Chinese Academy of Medical Sciences (Beijing) in
northern China. Cancer-free controls were also frequency matched to cases by sex
and age (*5 years) and came from a community cancer screening program
conducted at the same hospital during the same time. The inclusion criteria for all the
patients included histopathologically confirmed HCC, without previous
chemotherapy or radiotherapy, and no restriction in regards to sex, age, or disease
stage. At recruitment, written informed consent was obtained from every participant,
and demographic characteristics including sex, age, smoking and drinking habits was
collected by interviewers. The detailed definitions of smoking and drinking status
have been described previously®. The information on serological testing including
HBsAg, anti-HBs, HBeAg, anti-HBe and anti-HBc was collected from the medical
records with the patients’ permission in the corresponding hospital. This study was
conducted under the approval of the institutional review boards of Tongji Medical
College of Huazhong University of Science and Technology and Peking Union
Medical College Hospital, Chinese Academy of Medical Sciences (Beijing).

SNPs selection and genotyping. The candidate important genes in the SWI/SNF
chromatin remodelling complexes were selected based on recently remarked findings
about the ARIDIA and ARID?2 subunits with repeatedly inactivating somatic
mutations in HCC by exome and whole-genome sequence study’"* and previous
evidence on the frequently mutated gene encoding SWI/SNF subunits including
ARIDIA, BRD7, PBRM1, SMARCA4, and SNF5 in a variety of cancers®. In stage 1,
TagSNPs were selected by SNPs genotype information downloaded from HapMap
(http://www.hapmap.org/) using phase 2 and phase 3 Data Release 27 among Chinese
population (Chinese Han from Beijing-CHB) for genes ARID2, ARIDIA, BRD?7,
PBRM1, SMARCA4, and SNF5, using the criteria of r* > 0.8 and minor allele
frequency (MAF) > 0.05 across the region of candidate genes. 27 tagSNPs were
identified as candidate SNPs in stage 1 of the study and then were genotyped in stage 1
of the study using the TagMan Openarray assay system. Each 48-sample array chip
contained one NTC (without template DNA) and one duplicated sample to verify the
genotyping accuracy. The average call rate for all the candidate SNPs genotyped was
>95% and the concordance rate for the duplicate sets was 100%. In stage 2 of the
study, three promising SNPs were genotyped by TagMan real-time polymerase chain
reaction (PCR) Assay (Applied Biosystems, Foster city, CA) without knowledge of the
case or control status of the subjects. Quality control was monitored by including 5%
duplicate and negative controls, with the 100% concurrence rate of the duplicate sets.

Statistical analysis. Pearson’s y” test was used to examine differences between cases
and controls in the distribution of demographic characteristics. Hardy-Weinberg
equilibrium for genotypes was tested by a goodness-of-fit 3> test in control group. The
Cochran-Armitage trend test was used to examine the association between SNP
genotypes and HCC risk. The risks of HCC associated with SNPs were estimated by
using odds ratios (ORs) and 95% confidence intervals (95% ClIs) calculated in logistic
regression model after adjustment for sex, age, smoking status, drinking status and
HBsAg. The dominant model or recessive model was chosen by the comparisons of
three odds ratios (ORs), that is, homozygous variant versus homozygous wild type
(ORy), heterozygous versus homozygous wild type (OR;), and homozygous variant
versus heterozygous (OR3)*'. A two-tailed P < 0.05 was used as the criterion of
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statistical significance. The final P values were corrected by false discovery rate (FDR)
for multiple comparisons*>. For SNPs with MAF of 0.10, we calculated that the power
for our sample size to detect an OR of 1.60 is as follows: stage 1 of the study, power =
0.68; stage 2 of the study, power = 0.70; combined study, power = 0.94. All the
statistical analyses were conducted by SAS v8.2 software (SAS Institute, Cary, NC).

1. Jemal, A. et al. Global cancer statistics. CA. Cancer J. Clin. 61, 69-90 (2011).

2. Hertl, M. & Cosimi, A. B. Liver transplantation for malignancy. Oncologist 10,
269-281 (2005).

3. Nguyen, V. T,, Law, M. G. & Dore, G. J. Hepatitis b-related hepatocellular
carcinoma: Epidemiological characteristics and disease burden. J. Viral Hepat. 16,
453-463 (2009).

4. Yu, M. C. & Yuan, J. M. Environmental factors and risk for hepatocellular
carcinoma. Gastroenterology 127, S72-S78 (2004).

5. Parkin, D. M., Bray, F,, Ferlay, J. & Pisani, P. Global cancer statistics, 2002. CA.
Cancer J. Clin. 55, 74-108 (2005).

6. Wilson, B. G. & Roberts, C. W. M. Swi/snf nucleosome remodellers and cancer.
Nat. Rev. Cancer 11, 481-492 (2011).

7. Li, M. et al. Inactivating mutations of the chromatin remodeling gene arid2 in
hepatocellular carcinoma. Nat. Genet. 43, 828-829 (2011).

8. Fujimoto, A. et al. Whole-genome sequencing of liver cancers identifies etiological
influences on mutation patterns and recurrent mutations in chromatin regulators.
Nat. Genet. 44, 760-764 (2012).

9. Huang, J. et al. Exome sequencing of hepatitis b virus-associated hepatocellular

carcinoma. Nat. Genet. 44, 1117-1121 (2012).

. Guichard, C. et al. Integrated analysis of somatic mutations and focal copy-
number changes identifies key genes and pathways in hepatocellular carcinoma.
Nat. Genet. 44, 694-698 (2012).

. Varela, L et al. Exome sequencing identifies frequent mutation of the swi/snf
complex gene pbrml in renal carcinoma. Nature 469, 539-542 (2011).

12. Biankin, A. V. et al. Pancreatic cancer genomes reveal aberrations in axon

guidance pathway genes. Nature 491, 399-405 (2012).

13. Wang, K. et al. Exome sequencing identifies frequent mutation of aridla in
molecular subtypes of gastric cancer. Nat. Genet. 43, 1219-1223 (2011).

14. Kadoch, C. et al. Proteomic and bioinformatic analysis of mammalian swi/snf
complexes identifies extensive roles in human malignancy. Nat. Genet. 45,
592-601 (2013).

. Jackson, E. M. et al. Genomic analysis using high-density single nucleotide
polymorphism-based oligonucleotide arrays and multiplex ligation-dependent
probe amplification provides a comprehensive analysis of inil/smarcbl in
malignant rhabdoid tumors. Clin. Cancer Res. 15, 1923-1930 (2009).

16. Huang, J., Zhao, Y. L., Li, Y., Fletcher, J. A. & Xiao, S. Genomic and functional
evidence for an aridla tumor suppressor role. Gene. Chromosome. Canc. 46,
745-750 (2007).

17. Nagl, N. G,, Jr., Wang, X., Patsialou, A., Van Scoy, M. & Moran, E. Distinct
mammalian swi/snf chromatin remodeling complexes with opposing roles in cell-
cycle control. EMBO ]. 26, 752-763 (2007).

18. Wong, A. K. et al. Brgl, a component of the swi-snf complex, is mutated in
multiple human tumor cell lines. Cancer Res. 60, 6171-6177 (2000).

19. Glaros, S., Cirrincione, G. M., Palanca, A., Metzger, D. & Reisman, D. Targeted
knockout of brgl potentiates lung cancer development. Cancer Res. 68,
3689-3696 (2008).

20. Lee, P. H. & Shatkay, H. F-snp: Computationally predicted functional snps for

disease association studies. Nucleic Acids Res. 36, D820-D824 (2007).

. George Priya Doss, C. et al. Applications of computational algorithm tools to
identify functional snps. Funct Integr Genomics 8, 309-316 (2008).

22. Xu, Z. & Taylor, J. A. Snpinfo: Integrating gwas and candidate gene information
into functional snp selection for genetic association studies. Nucleic Acids Res. 37,
W600-605 (2009).

23.Liang, L. et al. A cross-platform analysis of 14,177 expression quantitative trait loci
derived from lymphoblastoid cell lines. Genorme Res. 23, 716-726 (2013).

24. Garraway, L. A. & Lander, E. S. Lessons from the cancer genome. Cell 153, 17-37
(2013).

25. Barker, N. et al. The chromatin remodelling factor brg-1 interacts with beta-
catenin to promote target gene activation. EMBO J. 20, 4935-4943 (2001).

26. Ho, L. et al. An embryonic stem cell chromatin remodeling complex, esbaf, is an
essential component of the core pluripotency transcriptional network. Proc. Natl.
Acad. Sci. U. S. A. 106, 5187-5191 (2009).

1

f=}

1

—

1

v

2

—

27. Singh, M., D’Silva, L. & Holak, T. A. DNA-binding properties of the recombinant
high-mobility-group-like at-hook-containing region from human brgl protein.
Biol. Chem. 387, 1469-1478 (2006).

28. Shen, W. et al. Solution structure of human brgl bromodomain and its specific
binding to acetylated histone tails. Biochemistry (Mosc). 46, 2100-2110 (2007).

29. Trotter, K. W. & Archer, T. K. The brgl transcriptional coregulator. Nucl Recept
Signal 6, €004 (2008).

30. Dunaief, J. L. et al. The retinoblastoma protein and brgl form a complex and

cooperate to induce cell cycle arrest. Cell 79, 119-130 (1994).

. Strobeck, M. W. et al. Brg-1 is required for rb-mediated cell cycle arrest. Proc. Natl.
Acad. Sci. U. S. A. 97, 7748-7753 (2000).

32. Bultman, S. et al. A brgl null mutation in the mouse reveals functional differences

among mammalian swi/snf complexes. Mol. Cell 6, 1287-1295 (2000).
33.Zhang, H. S. et al. Exit from g1 and s phase of the cell cycle is regulated by repressor
complexes containing hdac-rb-hswi/snf and rb-hswi/snf. Cell 101, 79-89 (2000).

34. Naidu, S. R, Love, I. M., Imbalzano, A. N., Grossman, S. R. & Androphy, E. J. The
swi/snf chromatin remodeling subunit brgl is a critical regulator of p53 necessary
for proliferation of malignant cells. Oncogene 28, 2492-2501 (2009).

. Pal, S. et al. Msin3a/histone deacetylase 2- and prmt5-containing brgl complex is
involved in transcriptional repression of the myc target gene cad. Mol. Cell. Biol.
23, 7475-7487 (2003).

36. Kapushesky, M. et al. Gene expression atlas update--a value-added database of
microarray and sequencing-based functional genomics experiments. Nucleic
Acids Res. 40, D1077-1081 (2012).

37. Middeljans, E. et al. Ss18 together with animal-specific factors defines human baf-
type swi/snf complexes. PLoS One 7, €33834 (2012).

38. Pan, H. et al. Cellular transcription modulator smarcel binds to hbv core
promoter containing naturally occurring deletions and represses viral replication.
Biochim. Biophys. Acta 1772, 1075-1084 (2007).

39. Zhong, R. et al. Genetic variations in the tgfbeta signaling pathway, smoking and
risk of colorectal cancer in a chinese population. Carcinogenesis 34, 936-942
(2013).

40. Zhong, R. et al. Genetic variations in tert-clptm1l locus are associated with risk of

lung cancer in chinese population. Mol. Carcinog. 52 Suppl 1, E118-126 (2013).

. Thakkinstian, A. et al. Systematic review and meta-analysis of the association
between {beta}2-adrenoceptor polymorphisms and asthma: A huge review. Am. J.
Epidemiol. 162, 201-211 (2005).

42. Benjamini, Y., Drai, D., Elmer, G., Kafkafi, N. & Golani, I. Controlling the false

discovery rate in behavior genetics research. Behav. Brain Res. 125, 279-284
(2001).

3

—

3

o

4

—_

Acknowledgments

Funding: This work was supported by the National Natural Science Foundation of China
[NSCF-81273182 to W.L., NSFC-81302493 to L.L.]., and Wuhan Innovative Talent
Development Project for Y.W.

Author contributions

All authors contributed significantly to this work. Conceived and designed the study
strategy: X.M., L.W. Designed the experiment: R.Z., L.L. Recruited the participants and
collected their information and blood samples: Y.T., YW, J.T.,, M.X,, N.S, H.Y., ZW.
Performed the experiments: B.Z., W.C.,, ].Q., L.Z,, ].L., Q.Q., J.K,, X.L., T.Z. Statistical
analyses: R.Z., W.S., H.L. Wrote the manuscript: R.Z., X.M. All authors reviewed the
manuscript. In addition, all authors approved the final draft.

Additional information
Supplementary information accompanies this paper at http://www.nature.com/
scientificreports

Competing financial interests: The authors declare no competing financial interests.
How to cite this article: Zhong, R. et al. Genetic variant in SWI/SNF complexes influences

hepatocellular carcinoma risk: a new clue for the contribution of chromatin remodeling in
carcinogenesis. Sci. Rep. 4, 4147; DOI:10.1038/srep04147 (2014).

@@@@ This work is licensed under a Creative Commons Attribution-

el NonCommercial-NoDerivs 3.0 Unported license. To view a copy of this license,
visit http://creativecommons.org/licenses/by-nc-nd/3.0

| 4:4147 | DOI: 10.1038/srep04147


http://www.nature.com/scientificreports
http://www.nature.com/scientificreports
http://creativecommons.org/licenses/by-nc-nd/3.0

	Title
	Table 1 Characteristics of participants in the two-stage case-control study
	Table 3 Risk of HCC associated with SMARCA4 rs11879293 genotypes stratified by Age, Sex, Smoking, Drinking status and HBV infection in combined analysis
	Table 2 Genotypes of SMARCA4 rs11879293 and the association with risk of HCC in both stages
	References

